the molecular chaperone heat shock protein 90 (hsp90) is required for the correct folding and stability of a number of client proteins that are important for the growth and maintenance of cancer cells. heat shock protein 72 (hsp72), a co-chaperone of hsp90, is also emerging as an attractive cancer drug target. Both proteins bind and hydrolyze adenosine triphosphate (atp), and atpase activity is essential for their function. inhibition of hsp90 atpase activity leads to the degradation of client proteins, resulting in cell growth inhibition and apoptosis. several small-molecule inhibitors of the atpase activity of hsp90 have been described and are currently being evaluated clinically for the treatment of cancer. a number of methods for the measurement of atpase activity have been previously used, but not all of these are ideally suited to screening cascades in drug discovery projects. the authors have evaluated the use of commercial reagents (transcreener™ aDp) for the measurement of atpase activity of both yeast and human hsp90 (atp k m ~500 μm) and human hsp72 (atp k m ~1 μm). the low atpase activity of human hsp90 and its stimulation by the co-chaperone aha1 was measured with ease using reduced incubation times, generating robust data (Z′ = 0.75). the potency of several small-molecule inhibitors of both hsp90 and hsp72 was determined using the transcreener™ reagents and compared well to that determined using other assay formats. (Journal of Biomolecular Screening 2010:279-286) 
IntroductIon
H eat shock protein 90 (hsp90) is a molecular chaperone required for the correct folding and maintenance of client proteins in biologically active conformations. 1-3 many of the client proteins have key roles in cancer cell development. 4 hsp90 binds adenosine triphosphate (atp), and atp hydrolysis is required for its function. 5 in addition, a variety of co-chaperones, immunophilins, and other proteins are involved in the hsp90mediated protein folding pathway. 6, 7 For example, heat shock protein 72 (hsp72) binds to and stabilizes polypeptide chains that have been newly synthesized from the ribosomes and prevents their aggregation and also acts as a co-chaperone with hsp90. 8 the activity of hsp72 is also dependent on atp hydrolysis. 9, 10 Both hsp90 and hsp72 are attractive targets for cancer treatment. 11, 12 the blockade of hsp90 activity leads to the degradation of the client proteins involved in cell proliferation and causes arrest of cell growth and apoptosis. 13 the natural product geldanamycin binds to the n-terminal atp binding domain of hsp90 and inhibits atpase activity. 14 the poor solubility and hepatotoxicity of geldanamycin in clinical trials has prevented its further development as a drug. however, its derivatives, specifically, 17-allylamino-17-demethoxy-geldanamycin (17-aaG) and 17-(dimethylamino-ethylamino)-17-demethoxygeldanamycin , have completed phase i clinical trials and entered phase ii studies. 15 the clinical limitations of these derivatives have prompted the search for hsp90 inhibitors with more drug-like properties. [15] [16] [17] to detect hit compounds that may be suitable as lead candidates in the development of novel hsp90 inhibitors, several biochemical assays have been devised that are applicable to drug discovery and high-throughput screening (hts) of large compound libraries. 18 one approach is to use the hsp90-dependent refolding of firefly luciferase in rabbit reticulocyte lysates as a screening assay. although this is a functional assay, any lead compounds will have to be checked for direct effects on the luciferase activity or the other chaperones contained in the lysates. 19 For binding assays, fluorescently labeled geldanamycin analogs have been used in a fluorescence polarization (Fp) assay format. 20 another Fp binding assay uses a small-molecule inhibitor of hsp90 derivatized with fluorescein to create a labeled probe. 21 in an assay based on time-resolved fluorescence resonance energy transfer, biotinylated geldanamycin was synthesized and bound in a complex to histidine-tagged hsp90 with streptavidin-conjugated allophycocyanin and anti-histidine-labeled protein antibody containing an europium chelate as the fluorophores. 22 an alternative approach has been to measure the hsp90 atpase activity as a screening method. an enzyme-coupled atpase assay with a fluorescent endpoint based on the oxidation of amplex red to resorufin has been used to carry out a primary screen of compound libraries. 23 our initial studies employed a colorimetric assay for inorganic phosphate based on the reaction of the cationic dye, malachite green, with a phosphomolybdate complex. 24 this method was used to screen a ~56,000-compound collection that resulted in the discovery of a diaryl pyrazole resorcinol-based series of hsp90 inhibitors. cct049009 and cct050589 25 and the clinical candidate nVp-auY922 26 are hsp90 atpase inhibitors derived from the original hts hits.
Both the amplex red and malachite green atpase assay formats used yeast hsp90 protein because its atpase activity, with a k cat of 0.47 min −1 , is 5 times higher than that of the human protein (k cat of 0.089 min −1 ), despite the 63% sequence homology between the yeast and human proteins. 24,27 a fluorescently labeled version of the phosphate binding protein from Escherichia coli was used to monitor the atpase activity of the human protein, 27 but this assay is not as suitable for screening because a secondary enzyme is required to reduce the background level of inorganic phosphate. therefore, the development of a sensitive screening assay with the ability to detect the atpase activity of human hsp90 would be of benefit for drug discovery.
the transcreener™ aDp assay kit from Bellbrook laboratories (madison, Wi) is an Fp assay that detects adenosine diphosphate (aDp) using an aDp-antibody/tracer system. it is a 1-step homogeneous assay format suitable for screening purposes. 28 the assay can measure protein activity as aDp is the product of the catalytic phosphate group transfer from atp 29 and has also been used to study the lipid kinase, phosphoinositide-3-kinase. 30 in this present study, we report the ability of the transcreener™ aDp assay kit to detect the atpase activity of yeast and human hsp90 proteins. in addition, because hsp72 is also emerging as a drug target, 8, 11, 31 we also show the ability of the same technology to measure the atpase activity and inhibition of this chaperone.
MAterIAlS And MetHodS

Materials
transcreener™ aDp (cat. no. 3004-1k) and aDp2 (cat. no. 3010-1k) Fp assay kits were obtained from Bellbrook laboratories. all Fp assays were carried out in black, 384-well, low-volume, polystyrene nonbinding microplates (cat. no. 3676) from corning life sciences (new York, nY). the easylite™-kinase luminescent atp detection kit (cat. no. 6016749) and white optiplate 384-well microplates were purchased from perkinelmer life and analytical sciences (seer Green, Bucks, uk). atp (cat. no. a-7699) and all basic buffer components were obtained from sigma-aldrich chemical co. (Dorset, uk). 17-aaG (cat. no. a-8476) was obtained from sigma-aldrich chemical co. cct049009 and cct050589 were synthesized as previously described, 25 and the adenosine derivative cct242078 (compound 12) was synthesized as described. 32 the chemical structures of the smallmolecule inhibitors used are shown in Figure 1 .
Protein expression and purification
hsp90 proteins (yeast and human) and the yeast co-chaperone aha1 were expressed as his 6 -tagged fusion proteins and purified as described previously using talon metal affinity chromatography, Q-sepharose ion exchange, and superdex 75, 200, or sephacryl 400hr gel filtration chromatography. 5, 6 an expression construct bearing human hsp72 (gene name is hsp70 1a) with an n-terminal his 6 -tag was transformed into the rosetta 2 strain of E. coli. E. coli cultures were grown in lB media to an oD 600 of 0.8 and then induced with 1 mm isopropyl β-D-thiogalactoside (iptG) for 3 h. cell pellets were resuspended in 25 mm tris (ph 7.4), 25 mm nacl, 3 mm mgcl 2 containing protease inhibitors, and benzonase and lysed by sonication. Following centrifugation, the supernatant was applied to a talon metal affinity column and the his-tagged protein recovered by elution with imidazole. talon eluate was dialyzed against 25 mm tris (ph 7.5), 50 mm nacl, 3 mm mgcl 2 , and 5% glycerol and further purified over a resource Q column. the resource Q eluate was concentrated and then dialyzed against 100 mm tris (ph 7.4), 150 mm nacl, 6 mm mgcl 2 , and 10% glycerol. all protein samples were divided into aliquots and stored at −80°c.
Hsp90 ATPase assay procedure using the transcreener™ aDp kit, the conditions for the yeast and human hsp90 atpase reaction were 50 mm hepes (ph 7.4), 20 mm kcl, 2 mm eGta, 4 mm mgcl 2 , and 0.01% Brij-35 in a 10-μl total assay volume in low-volume, black, 384-well plates. the final assay concentration of atp was 100 μm for hsp90. Due to the relatively low level of atpase activity compared with other enzymes, the plate was incubated at 37°c and run over 1-, 2-, and 3-h time points. the reaction was stopped and the aDp detected by adding 10 μl of 50 mm hepes (ph 7.4), 400 mm nacl, 20 mm eDta, 0.01% Brij-35, 75 μg/ml anti-aDp monoclonal antibody, and 4nm aDp far red tracer. the plate was sealed, centrifuged at 600 g for 1 min, and left at room temperature for 1 h. Fp (mp) readings were performed on a Fusion or envision plate reader (perkinelmer life sciences). a blank mp signal composed of protein, antibody, labeled aDp, but no atp substrate gave similar mp values to those seen in the no-protein controls. For example, in one typical experiment, the no-atp substrate samples gave values of 174.8 ± 3.5 mp, whereas the no-protein control was 167.9 ± 2.6 mp. thus, the protein does not interfere with the mode of detection and enables the generation of acceptable Z′ values. the upper limit of the assay window was defined by a no-protein control, and the mp in the presence of heat shock protein was subtracted from this control to generate a change in polarization (Δmp), which was plotted on the activity graphs. therefore, the data take into account the spontaneous hydrolysis of atp. each value is the mean of triplicate determinations with standard deviations (sD) shown. the malachite green assays were performed as described previously 24 but with 400 μm atp, 400 nm hsp90, and incubation at 37°c overnight to obtain significant atpase activity with the human protein. ic 50 values were calculated using Graphpad prism software with the nonlinear regression curve fit to the log (inhibitor concentration) against the raw mp values on the linear portion of the standard curve.
Hsp72 ATPase assay procedure the work described in our studies was carried out over several months, and the transcreener™ aDp2 kit was not initially available. the aDp2 kit is identical to the aDp kit, but a more sensitive antibody is used, which makes the aDp2 kit superior in detecting lower aDp concentrations and hence more suitable for the hsp72 studies. the hsp72 atpase activity was detected by the aDp2 kit exactly as described for the hsp90 protein, except that the final concentration of atp in the assay was 1 μm, and the anti-aDp monoclonal antibody was used at 1.5 μg/ml. the easylite™-kinase system is based on the production of light from the reaction of atp with firefly luciferase and D-luciferin. the emitted light is proportional to the atp concentration up to 10 μm (data not shown). For the hsp72 atpase activity, the assay buffer was 100 mm tris (ph 7.4), 20 mm kcl, 6 mm mgcl 2 , and 10% glycerol with various concentrations of protein and a final concentration of atp of 1 μm in a 20-μl assay volume. after incubating the optiplate 384 at 37°c for 1, 2, and 3 h, the reaction was stopped by the addition of 20 μl of the easylite™-kinase reagent. assay plates were centrifuged at 600 g for 1 min to ensure mixing, left for 15 min at room temperature, and the luminescence signal read on a topcount ntX plate reader (perkinelmer life sciences). When compounds were tested in this format, control samples were run in the absence of hsp72 to determine the effect of the compounds on firefly luciferase, and the luminescence was subtracted from that measured in the presence of hsp72.
reSultS the aDp/atp standard curve was performed as outlined in the transcreener™ kit technical manual (www.bellbrooklabs. com) and mimics an atpase reaction in that as aDp is produced, by the hydrolysis of atp, the Fp signal (mp) is reduced (data not shown). the published values of 100 to 850 μm is the range in the literature for the k m of atp for hsp90. 6, 24, 27 therefore, for all subsequent assays on hsp90, the atp concentration used was set at the bottom limit of 100 μm, and the anti-aDp monoclonal antibody was used at 75 μg/ml, as suggested in the technical manual.
the transcreener™ kit detected atp hydrolysis with both yeast ( Fig. 2a) and human ( Fig. 2b) hsp90 proteins as demonstrated by the lower mp values observed as aDp is formed. in both cases, the atpase activity was dependent on the time of incubation and protein concentration. For the yeast protein, which is known to be ~5-fold more active than the human isoform, a concentration of 0.3 μm was selected for further experiments as at this concentration, enzyme activity was approximately linear. although linear kinetics is usually associated with low substrate conversion, in many screening campaigns, a higher level of substrate conversion is frequently used to increase the signal window. 33 typical experimental values using 0.3 μm yeast protein and 3 h of incubation were 123.7 ± 1.9 mp for total enzyme activity wells and 167.9 ± 2.6 mp for no-enzyme blanks, producing a Z′ of 0.69. the activity of yeast hsp90 was inhibited by the ansamycin atpase inhibitor 17-aaG and the pyrazole/isoxazole resorcinol-based compounds, cct049009 and cct050589, 25 giving ic 50 values of 5.3 ± 0.25 μm, 0.31 ± 0.05 μm, and 0.19 ± 0.03 μm, respectively. these ic 50 values were similar to those obtained previously with the colorimetric malachite green assay (17-aaG = 8.7 μm; cct049009 = 0.17 μm, and cct050589 = 0.14 μm).
the atpase activity of human hsp90 alone was relatively modest (Fig. 2b) . a concentration of 0.6 μm human hsp90 and 100 μm atp was selected for subsequent experiments. as expected, 6 human hsp90 atpase was activated by the cochaperone aha1 (Fig. 3a) in a concentration-dependent manner and inhibited by 17-aaG and the resorcinol-based compounds (Fig. 3b, table 1) . For the ic 50 experiments, the Fp signal for the total enzyme activity plus aha1 was 124.1 ± 2.8 mp, and the blanks, in the absence of protein, gave a value of 162.3 ± 0.4 mp. the Z′ value for this assay was 0.75. the transcreener™ assay requires 0.6 μm hsp90 and 6 μm aha1 protein to detect maximum activation of the atpase activity. these concentrations are 3 times less than those required in the malachite green (2 μm hsp90, 30 μm aha1) and the coupled enzyme assays (2 μm hsp90, 15 μm aha1) 6 and suggests that the transcreener™ Fp assay is a more sensitive method for studying hsp90 atpase activity than the previously established methods.
For the hsp72 protein, the k m for atp is far lower than that for hsp90 with reported values of around 1 μm using radiolabeled atp. 9,10 our preliminary experiments using malachite green were unsuccessful because the lower limit of sensitivity of the assay is around 5 μm inorganic phosphate, and with high concentrations of atp, aDp is produced, and this will inhibit the atpase activity of hsp72 (data not shown). therefore, using an atp concentration of 1 μm and the anti-aDp monoclonal antibody at 1.5 μg/ml, we tested the ability of the transcreener™ kit to detect the atpase activity of human hsp72. in a similar fashion to hsp90, the activity of hsp72 atpase varies with both time and protein concentration (Fig. 4a) . an alternative assay format for hsp72, but not hsp90 atpase, is the easylite™-kinase luminescent detection system as this format is suitable for atp concentrations of 10 μm or less. using a 1-μm concentration, an increase in hsp72 protein leads to a decrease in the luminescence signal (Fig. 4b) . atp was depleted by approximately 40% in the presence of 200 nm hsp72 after a 3-h incubation at 37°c. under these conditions, the luminescence signal in the presence of hsp72 (total activity) was 1.35 ± 0.065 cps × 10 6 , and for the hsp72 blanks, these values were 2.30 ± 0.019 × 10 6 cps, producing a Z′ of 0.73 (Fig. 4b) .
cct242078 is an adenosine derivative that has recently been shown to bind to the atp domain of the hsp72 protein, 32 and its ability to inhibit the atpase activity of the protein was investigated. using the transcreener™ assay conditions described above, cct242078 gave an ic 50 of 3.4 ± 0.5 μm. in the atp depletion assay, no effect was observed on the basal luciferase-based luminescence up to 100 μm cct242078, but the hsp72-derived loss of luminescence was inhibited with an ic 50 of 3.7 ± 1.6 μm ( Fig. 5) . dIScuSSIon previously, the transcreener™ aDp assay kit has been demonstrated to be a sensitive, reproducible, and robust method for assaying and screening for inhibitors of protein kinases 28, 29 and lipid kinases. 30 in this study, we have shown that the same assay technology, using the standard reagents and buffers, can be used to determine the atpase activity of heat shock proteins. With an atp concentration of 100 μm, the activity of both yeast and human hsp90 atpase was detectable at low μm protein levels under the conditions described in materials and methods. these enzyme concentrations are significantly lower than the levels required by the established assay methods. For example, the activation of hsp90 atpase by aha1 requires 3-fold less protein than is needed for the coupled enzyme assay or the malachite green method. hsp90 inhibitors, namely, 17-aaG and the pyrazole/isoxazole resorcinol compounds, cct049009 and cct050589, 25 exhibited comparable ic 50 values against the yeast protein in the transcreener™ assay as in the established malachite green assay using similar concentrations of protein and atp. in this study, all the ic 50 values in the transcreener™ assays were determined using the raw mp data. however, as described in the technical manual, a standard curve can be generated for the conversion of atp to aDp and the raw mp data converted to the amount of aDp formed. Due to the lack of sensitivity of the malachite green assay, overnight incubation at 37°c was required to detect either the yeast activity at low protein concentrations or the stimulation of the human protein atpase by the co-chaperone, aha1. however, with the transcreener™ Fp assay, the atpase activity in both cases can be detected with ease, generating robust experimental data with good Z′ values using much shorter incubation times (3 h compared to overnight incubation). unlike hsp90, with its k m for atp in the high μm range, hsp72 protein has a low k m for atp (~1 μm). 9,10 a concentration of 1 μm was therefore used with the transcreener™ kit, and atp hydrolysis was observed down to 5 nm protein. interestingly, the easylite™-kinase luminescence atp detection method can also be used to study hsp72 atpase, although higher protein concentrations than used for the transcreener™ assay are required, and with any screening of inhibitors, it is necessary to test the effects of compounds on the basal luminescence to identify those that affect the activity of the luciferase enzyme. in both cases, the activity of hsp72 was inhibited by cct242078 with an ic 50 of ~3 μm. this compares with the previously reported ic 50 of 0.5 μm in the Fp assay. 32 the total polarization shifts observed in our assays are lower than typically desirable for an hts campaign. therefore, despite the acceptable Z′ factors obtained, additional assay optimization may be required in an hts context. an advantage of the transcreener™ kit is the broad range of atp concentrations (0.1-1000 μm) that can be accommodated by this method. this enables any assay to be carried out at its appropriate k m value for the atpase activity, a commonly used approach in screening for enzyme inhibitors as we have shown with hsp72 and hsp90. this, coupled with the short incubation times compared to those required for the malachite green method, would facilitate any hts campaign. the malachite green assay could be used as a counterscreen or to confirm any hits generated from the transcreener™ assay.
in conclusion, the transcreener™ aDp Fp assay kit provides a sensitive assay format for detecting the atpase activity in heat shock proteins and is currently being employed in the discovery of inhibitors of hsp90 and hsp72 atpase activity.
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